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ABSTRACT

Two aerodynamic methocis of creating transmission
"windows™ in typical plasma sheaths surrounding re-entry
vehicles have beeninvestigated: {1)the use of jets of coolant
from flush nozzles which penetrate across the plasma slab
+nd then mix with the ionized gases as theyarecarrieddown-
stream, (2) the use of a physical flowdiverter tobypass some
of the ionized flow laterally around the antenna. Equations
are developed for the lateral jet penetration in a supersonic
stream and for one-dimensional mixing for both perfect gases
a’zﬁ real gasesinthermodynamic equilibrium. The assump-
tion of real-air equilibrium thermodynamics yields coolant
reﬁuirements considerably below the perfect gas values for
thq jetinjection method. It is concluded thatthe jet injection

cthod will reduce a 200 mc, signal attenuation to 3 db, with

modest jet flow rates of helium on a typical re-entry trajec.

. Conversely, the use of a physical flow diverter is not
meffectwe method of creating atransmission window where
thq;xtomzatlon layer is not adjacent to the vehicle surface or

wh%re the attenuation needs to be reduced more than 10 db.
Y
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FOREWORD

This report was prepared by MITHRAS, Inc,,
of Cambridge, Massachusetts, for the Microwave
Physics Laboratory, Air Force Cambridge Research
Laboratories, Hanscom Field, Bedford, Massachusetts,
under Contract AF 19{628;-3852. The work was initiated
by Mr. Walter Rothman and monitored by him and Mr.

John ¥. Lennon.

The investigations whose results are reported
here were conducted during the period 14 October 1963
to 14 October 1964, They were directed by Mr. Jacques
A. F. Hill and carried out by Mr.-¥o8eph J. Ross; and
Mr. Richard H. Adams. This report was written by
Mr. Joseph J. Rossi and Mr. Richard H. Adams. The
research program is being continued under the same

contract number,
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1. INTRODUCTION

The plasma sheath surrounding a hypersonic re.entry vehicle
attenuates the radio signals transmitted toand from the vehicle, often
to the point of complete blackout. Much work has been done on the
physics of the interaction of the plasma and the electromagnetic wave
nzar the vehicle, and experimenta: flight data supporting theories and

prediction is now becoming available.

On experimental manned re-entry vehicles the blackout problem
has been solved by on board recorders whichstore data during theblack-
out and then playback the data once the blackout region has been passed.
The manned Mercury vehicles have merely *lived with" the blackout
problem. However, with the advent of the Apollo program and other
manned vehicle programs,particularly manned maneuvering vehicles,
the importance of uninterrupted radio contact with the vehicle during re-
entry hasincreased. This necessitates developing methods of creating

"windows" through the plasma sheath.

Under contract AF 19(628)- 3852 with the Microwave Physics
Laboratory of AFCRL, MITHRAS, Inc., has conducted a study of aero-
dynamic methods of creating radic windows through the plasma sheath
surroun-ing are-entry vehicle. Inthe course of this study, two techniques
have been develcped. One uses jets of coolant from flush nozzles which
penetrate across the layer of ionized {low and then mix with it as tﬁe‘g are
carried downstream. The other uses a physical flow diverter to b pass
some of the ionized flow laterally around the antenna. The region of
separated flow behind the flow diverter, through which the antennz looks,

is Rept cocl by low-velocity coolant injection.

i MC 63-78-R1
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2. SUMMARY AND CONCLUSIONS

The plasma sneath properties on typical re-entry vehicle shapes
have been investigated by treating the sheath as a homogeneous slab
bounded by free space. Typical shapes for which the attenuation of a
200 Mc. signal was determined during re-entry are the cone, the {lat

plate, and a blunt 1.osed body.

Two aerodynamic methods of creating transmission "windows" in
the plasma sheath have been investigated; (1) the use of jets of coolant
from flush nozzles which penetrate across the plasma slab and then mix
with it as they are carried downstream, (Z) the use of a physicalflow
diverter to bypass some of the ionized flow laterally around the antenna.
Equations were developed for the lateral jet penetration in a supersonic
stream and for one-dimensional mixing for beth perfect gases and real
gases in thermodynamic equilibrium. Charts of coolant required toachieve

transmission of a 200 Mc. signal on typical vehicles were derived.

Finally, the effect of the use of a side jet on the vehicle aercdynam-

ics was briefly investigated.

The results of the above sumnarized investigations have led to the
following conclusions withregard tothe problem of achieving a transmission

"windew?" in a plasma sheath.

(1} With the approximation of thermodynamic equilibrium,
transmission losses at 200 Mc scre negligible for tem-

peratures below 2000°K at all pressures of interest.

(2) If it 1s assumed that an average transmitting frequency
for re-entry vchicles is in the 200 megacycles range
and the plasma thickness is 0.2 ft., then transmission

is possible,

{a) {for a cone only if Mw sin GC <6

2 MC 63-78-R1
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(3}

(4)

(5)

(6)

{7)

(b) for a flat plate only if the angle

of attack and wing loadings are low

{c) for a blunt body only far back on
the body.

Jet penetration across the entire shock layer at
typical antenna installations maybe achieved with
practical nozzle geomeatries and coolant supply

pressures.

The jet method can reduce the plasmatemperature
to levels at which transmission is possible with

modest jet mass flows.

The assumntion of real-air equilibrium thermo-
dynamics yields coolant requirements considerably
below the perfect-gas values for the jet injection
method.

The effects of the side jet on the re-entry vehicle
aerodynamics are slight, typically causing a trim

angle-of-attack less than one degree.

The use of a physicalflow diverter is not an effective -
method of creating atransmission window where the
ionizationlayer is not adjacenttothe vehicle surface

or where the attenuation needs to be reduced more
than 10 db.

3 MC 63-78-R1
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3. PLASMA SHEATH PROPERTIES
ON TYPICAL VEHICLES

3.1 Transmission Through a Plasma Sheath

The electromagnetic wave incident on a boundary such as the

discontinuity in going from an antenna surface to an ionized flow field

%
1
%

reflects some energy at the surface and transmits some energy. This
preblem may be simplified by considering only normally incident waves.
If the plasma slabisconsidered bounded onboth sides by free space and
considered homogenous rather than containing the hightemperature and
density gradients generally surrounding a hypervelocity vehicle, further

mathematical simplifications are possible.

When ar electromagnetic wave is imposed upon a mediumcon-
taining free electrons suchas a plasma, each electron may be considered
to actas a miniature antenna and toabsorb energy irom the wave. Since

the electron is accelerated bythe electric field, the energy of the wave

may be thought of as bteing converted into energy of the electrons. This

conversion of energy resultsina decrease of signal strength through re-

o et g

flection and absorption effects. A tractable expression for the attenuation

RNCES

in transmitting througha plasma sheathcan be derived by solving Maxwell's
equations and the equations of motion for the electrons inthis field. Plane-
wave solutions to Maxwell's equations for homogenous media, for the case
< of a bounded plasma shown in Figure 3.1, were presented in Reference 1.
This theory was used to calculate transmission losses through a plasma
sheath since analyses involving more mathematical riger are extremely
laborious and manytimes present insolvable expressions. In view of other
related uncertainties (i.e. non-equilibrium effects, viscous interactions,
and electron-heavy particle collisioncross-section) suchrigor is notclearly
warranted. For example Figure 3.2, taken from Reference 2, shows approxi-
mately a 35dbdifference in transmitting through a bounded plasma slab

. when a non-equilibrium rather than an equilibrium gas flow field is assumed.

4 MC 63-78-R1
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This change due to the selected gas model is significantly greater than

what cne would expect if more complex plasma models were chosen.

The solutions for a bounded plasma slab in terms of cigral
attenuation as a function of plasma frequency, wp collision frequency,
w_, and signal frequency, w, for thickness, &, of 0.1 ft. and 0. 2 ft, are
pz:esented in Figure 3.3, This figure illustrates the relative impor-
tance of the various parameters over the range of interest for re-entry
vehicles. The 3 db attenuation line was chosen as a reasonable blackout

limit,

3.2 Plasma Sheath Properties Related to Flow

The solutions shown in Figure 3.3 for a plane wave in passing
through a plasma slab, ifanequilibriumgas is assumed, show that the

attenuation of a signal is a function only of the following four variables;

w  signal frequency

w_  plasma frequency

w _ electron collision frequency

6 plasma thickness
In turn, in the case of an equilibrium gas, both the plasma frequency and
the collision frequency are solely a function of the state properties of the
gas. Once these properties are known the attenuation resulting in trans-

mitting through a plasma sheath with a given signal frequency and plasma

thickness can be solved for.

5 MC 63-78-R1




The relations describing the plasma and cellision frequencies are

as follows:

@, = 56.4 .]—Ne" RAD/SEC {(3-1)
N = electron/meter
w = ¢ T N. Q. (3.2)
c J )
c = average velocity of electron
Nj = concentration of jth species
. th .
Qj = electron cross-section of j species

The estimate for the electron cross-section has been taken from Refer-

ence 3 and results in the following formula for the collision frequency:

12

- . P
w_ = 5.0-10 = 8.3)
T = °K
P = ATM

(4}

. 4} . sat s -
Lin's curves( ) , however, can be approximated to within a factor of 2 by

The electron density for real air can be determined from Feldman

the following empirical formula from Reference 3.

0.6 8.7
N = 1.87- 100 [P T - 1400 (3. 4)
P 3500

1800 < T°K < 7000

10-% < (p/po) <10

6 MC 63-78-R1
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By using equations 3,1 through 3,5 plus the relations describing the
attenuation of a signal passing through a bounded plasma slab with the
assumption of a constant signal frequency and plasma thickness, the

attenuation may be found as a function of pressure and temperature.

For illustrative purpose a signal frequency of 200 megacycles and
plasma thickness of 0.1 ft, and 0.2 ft. were chosen for the results pre-
sented in Figure 3. 4 through 3.7, and throughout this study. These figures
describe the temperature criteria necessary for cooling sufficiently to pre-
vent blackout. It is seen that, if the local flow over an antenna is cooled to
approximately 3000° K, and equilibrium is achieved, trausmission is clearly
possible, The use of electrophilic gases in combination with an injected
coolant would allow a further decrease in attenv.ation which is not shown in

these figures.

3.3 Example of Basic Configurations

In order to establish the magnitude of the problems of transmitting
through a plasma sheath, several basic configuration shapes were chosen
for comparison. No specific vehicle has been chosen for analysis since
it is felt that a flexibility of choice of the vehicle should be maintained scthat
the results of the study mayhave the broadest application possible. With
this in mind, a few basic vehicle shapes which could in composition make
up a more complex vehicle shape were studied. The shapes studied were

a cone, a flat plate at angle-of-attack and a blunt body.

The tota: attenuation of a 200 Mc. signal transmitted through a 0.1
ft. and 0. 2 ft. plasma slab on these various bodies was taken as a realistic
example of interest in the study. As will become evident in section 4.3, the

local velocity in the region of the plasma is a most significant parameter in

7 MC 63-73-R1
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the injection of a coolant to reduce attenuation.

3.3.1 Cones

For the data dealing with cones, no specific trajectories are
required as the plasma frequency on cones 1aay conveniently be related to
the hypersonic similarity parameter, Moo°sin ec, as suggested by Romig

(Reference 5).

The various flow properties on the surface of a cone as related to
Mco sin ec are presented in Figures 3.8 through 3,11, The density and
temperature plots (Figures 3,8 and 3. 9) along with the relations of section
3.2 allow the calculation of plasma frequencyand collisionfrequencyas pre-
sented in Figure 3.12. The shock layer thickness may be determined from
the shock wave angle as defined in Figure 3.10. The cone surface velocity
presented in Figure 311, as pcinted out previously, is an important para-

meter when the injection of a coclant is considered.

The relationship of total attenuation of a 200 Mc signal through a 0.1
ft and 0.2 ft bounded plasma for a cone at an altitude of 210,000 ft as a
function of the hypersonic similarity parameter is presented in Figure 3.13.
This figure was derived from the plasma and colligion frequency data of
Figure 3.12, and used in conjunction with the bounded plasma attenuation
data of Figure 3.3. Note the close relationship between the shape of the total
attenuation curve of Figure 3.13 and the shape of the plasma frequencycurve
of Figure 3.12. Bearingthis similarity inmind, and observingthattransmis-
sion is possible at 210, 000 {ft ior cones if Moe sin Bc =10, then it may be con-
cluded that transmission of a 200 Mc signal is possible downto 55, GOO ft

altitude for cones of plasma thickness on the order of 0. 2 ft and Mocsin ec <6.

3.3.2 Flat Plate

Data computed for a flat plate was derived by assurming that a
body, one of whose surfaces was a flat plate, followed an equilibrium glide
trajectory at an angle of attack for maximum CL' This configuration was

chosen as the two-dimensional flat plate pressures are applicable tothe under

8 MC 63-78-R1
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surface of a flat-bottomed body, delta wing, etc. For computational
purposes the shock wave angle was assumed constant at 53° 44!, The
calculated trajectories for different values of W/CLA are shown in

Figure 3.14 and the surface velocities on the plate are presented in

Figure 3.15.

~'.e plasma frequencies for varying W/CLA are presented in
Figuve 3.16. Figure 3.17 shows the trend of plasma and collision fre-
quencies with W/CLA for the specific altitude of 210,000 ft. The attenua-
tion as a function of W/CLA for 210,000 ft altitude, a transmissionfre-
quency of 200 Mc and plasma thickness of 0.1 ft and 0.2 ft is presented
in Figure 3.18. Note the similaritybetween this figure and Figure 3.13
which presented the attenuation on a cone for the same conditions. The
strong function of attenuation with W/CLA is evidentin Figure 3.18. A
low W/CLA, or a low wing loading lowersthe attenuation rapidly onaflat
plate as would be expected since thishas the effect of dissipating the kinetic
energy of the bodyin a region of lowdensity and therefore small eiactron

concentration,

3.3.3 Blunt Body

Pressures on a blunted, heinisphere cylinder are given

by the following equation from Reference 6:

P (WM C i/2
X . El + 0.44
Poc X/D

This equation has been derived for equilibrium air at.speeds consistent
with b! ;st wave theory. The formulahasbeencompared with experiniental

equilibrium gas flows and found to be in good agreement {Reference 6).

Px is surface pressure along boay

9 MC 63-78-R1
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CD = 0.097 drag coefficient for hemisphere

cylinder

X/D  is a body station non-dimensionalized

with respect to hemisphere nose diameter

Equilibrium gas properties at the stagnation point are derived from
equilibrium rormal shock tables ard then ar isentropic expansion
{i.e., body streamline) is traced on a Mollier chart to the calculated

body pressure. Equilibrium properties are then read off.

Since the additional variables of a non-uniform flow field with
distance from the nose is added in the case cf a blunt body a specific
flight conditior has been chosern as an examgple. The conditions chosen
are V = 25.000 ft/sec and h = 250,000 ft. The surface velocity variation
with body location, X/D, is p.esented in Figure 3.19, The plasma fre-
quencycalculated with theaid of Reference 6is presented inFiguse 3.20
along withthe plasma freqnency and collision frequency data uf Reference
7. Tneattenuation as afunction of X/Dis presentedin Figure 3.21. Note
that for the example chosen an antenna would haveto be located about } G0

body diameters aft of the nose for suitable transmission at 200 Mc.

10 MC 63-78-R1
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3.1. Bounded plasma

Figure
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X/Dy

Flow field in which chemical and ionic reaction rates
vanigsh dcwnstream of szhock wave, but shock 1s at
eg tilibzrium.

Flow field in which chemical reaction rates vanish
downstream of frzeze point on each streamline.

Same as ¥D but with boundary layer ctorrections to
temperature, density, and velocity and also with
allowance fov finite rate recombination of electrons
along streamlines.

Flow fSeld in which chemical and ionic reacticns are
everywhere in equilibrium.

Same as £Q but with boundary-layer corrections to
temperature and density.

2. Attenuaticn on a blunt tody versus distance
for various assumed flow fields.
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4.1 Basic Principle

One of the most attractive methods of creating a "window" in a
plasma sheath is by cooling the plasma and reducing its electron con-
centration by injecting a jet of electrophilic gas into the plasma. The
method considered herein is to use a jet from a flush mcunted nozzle
which penetrates into thc flow before mixing in a streamtube carried
downstream. The mixing within the streamtube serves to cool the piasma.
Furthermore, reductioninthe electron concentration by attachraent to
form negative ions may be obtained by using an electrophilic gas as the

coolant.

4.2 Jet Penetration

In order to cool a supersonic fiow by means of a jet the maximum
lateral penetration must bhe achieved with as little disturbance of the main
flow as possible. The specific method investigated here is to expandthe
injected fluid to a2 high Machnumber,andtoa pressure which balances the
pressure of the free stream. This "correctly" expanded jet is directed
across the main stream so that the momentum carries the jet fluid well
out from the orifice before being swept downstream. The fluid spreads
into tne stream by turbulent mixing. The behavior of the flow, the mixing
and the penetration distances will depend on injection Mach number, angle,

fluid density, and free stream properties.

The situation is shown in Figure 4.1, A circular jet is represent-
ed by an expanding, curving tube in the free stream. The tube will have
more and more iree stream air in it as it moves outward; this air is en-
trained by turbulent mixing. Near the orifice, the upstream or "leading"

edge will act like a bluff obstacle in the main flow. There will be a2 normal
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shock in the flow before it spreads around the jet tub: and closes behind
1it. In reality, part of the jet fluid will be torn away irom the tube and
hus distorting the circular {0fmi and reducing the
total mass of the jet. The impact of the free stream on the jet tube will
cause it to start curving downstream. As the jet progresses, it picks
up mass by entraining free stream air, while maintaining a constant mo-
mentum. Since it will be curving there will be a centrifugal force which
appears in the force equations. As the jet tube turns it presents a dif-
ferent angle to the free stream, thus changing the impact which the free

stream exerts on it.

Two torce equations, one along the stream tube and one normal to

it are defined.

a) AFS = (am) Vj
= > ‘
b) aF {am) Vj o (4.1)
= mao AS
Am = mass of jet fluid in disc of diameter W ar.l

thickness S along the jet.
m = mass flow of jet.

Vv, = average veleccity of jet along its center line

at station S.

S = approximate path length from orifice along

centerline of jet.

o = arc tan {y/x).
AFS = axial force acting on am.
AFn = normal force on Am {+ outward).

Equations (4.1) are decoupled by the following assumptions. First

of all, the jet will be assumed to remair intact near the orifice (i.e. the
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jet fluid torn away will be neglected). Second, after the jet has made
a substantial turn, there will be a component of free stream velocity
i.inis event it is Rrown thail tie law cf entrainment musi
{see Pai, 1954 and Townsend, 1956). The form of
modification is not known in the present example, and will be neglected.
Third, the impact of the free stream takes place througl a normal
shock, so that the pressure surrounding the jet near the orifice will
hav. a value well above free stream static. As the jet turns, the shock
becomes oblique and the pressure rise becomes less. This decrement
will be ignored in the first rough force balance. The effect of these as-
surnptions is to fix the growth of mass flow in the jet at the same values
as would occur in still air. Essentially the axial force balance is thus
satisfied by hypothesis. For the situation where the stream and jet are
different fluids, the growth rate is given by Ricou and Spalding (1961)(9).

Thaeir formula is:

1/2

m p
ok - 0.32 [S RA (4. 2)
m, d Pio

i), j

r?xj = mass flow in jet at station S,
. _ . e 2

(mj ), = mass flow of jet at oxifice = (n/4) 4 ijVjo
Poa = density of air stream in contact with jet, here

taken equal to ram density behind a normal

shock. It is assumed that ram pressure pRA

of the :ir equals the jet exit pressure (pj)o'
Tnd = diameter of the jet orifice.

Taking the mome: .am in the axial direction as constant, thus neglecting

the contributions which variations ‘n pressure might introduce. and
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neglecting the effects ruled out by the second a i1sumption above, the

average velocity of the jet is found to be,

o \U/2
V., = 3.1(V.) 4 JO (4.3)
J J o S PRA

The width of the circular jet Wj is found by using equations (4. 2) and
(4. 3) to substitute into the following equation:
m, = /4 W.Zp.V. (4. 4)
J J ) )
Witn P; taken to be equal to PRA gince the density of the jet is
composed laréely of ram air,

Solution for Wj gives;

W. = ,32S (4. 5)

The next step is to set up the force term for the left side of (4.1b);
the right side is simply the centrifugal force of acceieration. The force
term will have two parts: (1) the force owing to the accretion of free
stream air to the jet; and (2) the force owing to the equivalent aerodynamic
drag of the jet. (Both forces cause ¢ to decrease and therefore are nega-
tive). The first of these d~pends on the increase in mass flow per unit dis-
tance along the jet dr;s/ds. This mass before uniting with the jet had a
velacity normalto the jet of U° Sin o which gives rise to a change in

momentum normal to the jet or a normal force pér unit length of jet of:

AF °

As“ T - U°Sing (4. 6)
The normal force due to aerodynamic drag is given by;
_ 1 o 7702 w: 2
(AFn) = -5 p°U°"dACSin"0 {4.7)
2
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According to Penland(m), the drag coefficient C is constant for super-
sonic Mach numbers and is independent of ¢, With dA = WdS and W
given by equation 4.5 and drn/ dS obtained from the Ricou, Spalding rela-

tion equation 4.2, the force equation 4.1 can be written as:

AFn> AFn) ( )
+ = -mag 4.8
AS y 25 5

No v with substitution of eguations 4.6, 4.7, and 4.2, and use of the

relation
e .48 do . do
T T "Fd TV T

with V-i given by equaticn 4. 3, equation 4. 8 above becomes:

° ° 1/2
2 fr U Pio / CD 2
Sin o + 3 v - 4 S. Sin" ¢
Pjo jo/\°rRA \

do
}'cIS‘ . d (4. 9)

The constant in the second bracket of equation 4.9 will be treated as a

scaling parameter in the following way:

1/2 p. Vv 2\! 0o 1/2
& = 3.1 30 32°
1/2p° U°
f 4 -DRA
a 1/2 pe 1/2
= 3.1{ 32 -——)
q pR.A'
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where the dynamic press: at the jet exit iz given by the modified

Newtonian formula:
o . 2
P = P = {.9) {2.)q° sin L

By cefining,

S = (5/4) (3}

A SNONEE S ISR B o e
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eguation 4. 8 takes the form

e
i
(=2
o
O
w)
I
P~
e}
Z"
“yua””
YN0 B8 L gkt A T

= _ sino — kS - sinzo' (4.10)

do
s

The equation has one shape parameter k, which determines the precise

form of the function ¢ {5); k depends only on free stream Mach number. t

The parameter & contains the effect of jet exit Mach number and angle of }

injection. Equation 4.10 cannct be solved analytically but can b?} tlz‘asily
'. The

data required for this are initial conditions and values of k and &. Once

programmed on 2 Recomp IIl computer as described by Bartlett

¢ is obtained as a function of S, simple quadrature will yield the co-

ordinates of the jet centerline

y/d f sin¢ (5,k) d (§/d) - &fsin o 5,k 4§ (4. 11a)

x/d

&fcos o (5,k) dS (4. 11b)
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For the computation of k and a, the following conditions were

chiosen,

1.4

14000 ft/sec

4]00°K

2 b % %

= 3.3
o)
pRA/p = 4,11

The injected fluid has a Yj = 1.67 as would be the case for monatomic

gas in the jet;

R
"

1.8M. singc
jo o

k = .60
The solution to the above sets of conditions are shown plotted in

Figures 4.2, 4.3, 4 4.

4.3 One-dimensional Flow with Coolant Iajection

4.3.1 Basic Equations for Perfcct Gases

In order to determine properties in a flow field after
uniform™@ mixing has occured, a one-dimensional stream tube analysis
was performed. Schematically the problem is defined in the sketch

on the following page:
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Flow at {1) is known; flow properties at (2) are to be determined. A
coolant cr electrophilic gas is injected into the streain tube between
locations (1) and (2) with known properties. Complete mixing takes
place in the region between (1) and (2), and the mixiag of the initial

flow and the coolant is assumed to take place at constant pressure.

Application of the conservation equations for mass, partial mass,
momentum, energy and a state equation along this stream tube will

determine properties of the mixed fiow at {2).

The following conservation laws result.

U,A

Py A+, = p, T, A,

1771

m [y U Ay = ¢/ 1-¢,

. 2
Py U1 Al tm_ Uc = p2l£ AZ (4.12)
PyU A B +m H = 0, T AH,

PR T = TR, =P,
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<, is defined as the percent by weight of coolant present in the mixed

flow;

Pz("cz) =P
air (4.13)

p c = P
z ( 2) 2coolamt

With this definition, weighted values for Cp, and RZ’ the partial en-

thalpy of zir h2 and of the coolant h, can be defined as follows.
a c

h, =h, (1 . cz) +h, (cz)

a c
c = C l1-c¢ +c c (4. 14)
P2 Pair ( 2) Pe ( 2)

R, = R_._ (1-c2) + R_ (cz)

With assumption that the moment :m of the injected coolant or electro-

philic gas (r?mc Uc) is much less than the momentum of the incoming

free streamp 1 U12A1 ,there results after defining r'iq/pl U1 Al = CQ .
1

the following values for the conditions at (2).

-
U%/Ul = 1/1+CQ )
1
AZ/AI = (1 +CQ)2 . p]/pz (4.15)

c, = C 1 +C
= Q1/ Ql

If the initial conditions, Ul' Tl’ P1 2 etc. are specitied then for various

vaiues of the parameter CQ cne can solve for the downstream conditions
1
using the relations above. The cdownstream temperature is found froni the

energy equation to be;
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1

= M = ®
Hl I~°° hw+ —— (4.17)
An alterrate approach to tte solution of this problem can be outlined if
one wishes to determine what value of CZQ , and Ul’ resulted inu a
specified downstream temperature TZ for la certain flight velocity. This

is done in the following way.

Substitution of UZ’ cy ‘n2 from relations 4.15, and 4. 14 into the energy
equation results in an equation for Ul'
U 2

1
= ]1+C H, +C H -h -h (4.18)
> ( Ql) 1 Q, ( c Zc) Za

Defining the stream tibe mixing problem in this way aliows us to select the
inal temperature of the mixture TZ’ then with Hc a known coolant storage

condition and h, =c¢_ T,, h, =c¢ . T, U will be solely a function
c Pe a air -
or the ratio of coolant to initial mass flow necessary to achieve the

of C
Q1

desired final temperature,
What the initial temperature must have been in order to reach the firal

temperature TZ’ with the prover ratio of coolant injected into the fiow

can be found from equation (4.17) to be:
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4.3.2 Special Method for Real Air in Thermodynamic Equilibrium

When the perfect gas assump
thermodynamic properties of air are obtained from a Mollier chart
(assuming tlLe rmodynamic equilibrium) it is most convenient to use
the method in which the downstream temperature is specified. It is
also necessary in this case to specify the local nressure, Pl, 2 of the
flow.

The first step in the calculation is to choose a value of the partial
pressure of air at station 2, P, , The partial pressure of the coolant is

2a
then

= P _
PZc 1,2 p2a

The partial densities at station 2 are

o _ pZa
Za =
RA Z TZ
P,
0 - Zc
2¢c
Rc TZ
assuming Z = ] for the coolant. The mixing ratio is
r'-"sc
c, = =
P2c ™ P2a

from whicti. the injection coefficiem CQ can be computed as
1

CQ1 = cz/l—c2

Since the partial pressure and temperature of the air at station

2 have bezen specified, its enthalpy is also determired. Equatiocn 4.18
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can then be used to calculate the corresponding value of Ul’ the local

velocity before injection.

This straight forward method yields results of the type described
in the next section, i.e. we obtain directly curves of CQ versus Ul'

with T2 fixed. :

PRI R DI PR PR~ e

4.3.3 Selection of a Coolant

Since data is yet unavailable to compare the electrophilic
effectiveness of various gases the cooling effectiveness only will bhe
considered herein. It should be kept in mind however that electrophilic

additives could enhance the plasma suppression by the jet.

The effectiveness of a coolant may be judged by evalaating the
heat it can absorb as it is raised from its storage temperature to the

desired temperature of the coolant-air stream mixture which is on the

order of 3000°K (5400°Rj). As may be recalled from Figures 3.4 through
3.7, 3000°K wculd iower the attenuation of a 206 Mc signal through a 0.2 g
ft plasma slab to about 3 db. '

Figure 4. 5 taken from Reference 12 shows the heat capacity per $
pound of hydrogen, helium, water a2nd propane. Hydrogen,the most effec-
tive coolant could only be used where it could be shown that combustion
would not occur, or if it does, would not be harmful. Water was included
for comparison az NASA has been engaged in an intensive effort in plasma
suppression by water injection! However, the prime interest in the studies
at hand 1s in a light gas system. Helium and propane are quite comparable
in the 50006°R range of interest,

Specific studies in section 4. 3,4 will be based upon helium as the

coolant,
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4.3,4 Results of Coolant Injection

The equations developed in section 4, 3. 2 allow us to

calculate an injection coefficient:

Cq, = m/p Uy A

1
to obtain any desired temperature at station 2 by injecting a coolant into

a given stream at station 1. Since the desired temperatures cover a wide
range and the stream at station 1 can correspond to many different antenna
locations on vehicles travelling at many speeds, a concise presentation of

the results of our calculations requires some unifying scherme,
We have chosen to consider the problem in the following terms;

a) the basic independent parameter is the vehicle
flight speed; together with ncminal atmospheric
temperature of 419°R, this defines a stagnation

enthalpy Hl .

b) antenna location on the vehicle is defined in terms
of the lncal velacity U1 of the stream external to
it, For antennas located on slender vehicles or on
the sboulder cf blunt-noscd vehicle Ulz 0.6 Uw )
well beyond the sonic point,

<) the coolant temperature is fixed at 540°R.

4) the ceoelant is assumed te be helium, chosen asﬂa
typical example of 2 coolant with a large capacity

to absord keat.

The energy equaticns 4.16 ard 4.18 skow that it is possible with

this scheme to either

1) cho‘.se U1 ana ob:ain a relation between ('J‘Q and '1‘2.
1
3] choose a desirex. T2 and obtain a relation” ;.ween
C
,Ql and U}'. |
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Doth methods of presentation are used for the results shown in

Figures 4.6, 4.7, 4.8, 4.9. Rather than use CQ , however, which is
1

normalized with respect to a streamtube area at the injection stationwe
have used
I:;lc
CQZ - P.U A
171772
which is based on the streamtube properties before injection and the area
actually cooled at the antenna stat'on. This parameter can be related

maore directly to the antenna requ.rementa.

Most of the calculations so far have been performed for the sake
of simplicity with the assumption that air behaves as a perfect gas. One
set has been performed using equilibrium air properties to illustrate the
differences to be expected in general. The coolant in all cases has been

helium,

Figures 4,6, 4.7, 4.8 illustrate how the injection requirement
varies, with the desired end temperature. Three flight speeds are repre-
sented and curves are drawn for constant values of the local velocity U;1 .
Note that each curve exhibits a peak at a value of TZ’ which lies in the
range of interest for plasma suppression., Thus for a given flight speed and
iocal velocity the injection 2quirem :nt is not very sensitive to the speci-

fication of T 2°

Figure 4.9 is a cross plot of hese data for T, = 2400°K = 4325°R.
It illustrates how the coolant requirement falls off as the antenna station is
moved downstream to higher values of Ul' The curve for a flight speed of
18, 000 ft/sec is reproduced in figure 4.10 where it is compared with
equilibrium-air resuits for three values of the local pressure. The injection
requirement predictions are considerably lower for equilibriumrair than-for

air behaving as a perfect gas.

The shaded zones in the lower right-hand corners of some of the
figures correspond to heating of the stream rather than ccoling. Tixg BX~

pianation for this unexpected behavior lies in the fact that coolant injection

45 MC 63-78-R1

A S
,

-

L } Acarets

RS

2
s
o
3
4
%
b
i
<
)

su(,.‘y,‘_m e e

3 = g = vy .
e R I IR R B, v 0 S

st

S A R AN T MBI R SR IR T

HENE I

- d s
Medt
<

e

W




RS
~ a0 Cah - L

TSR ke o S . e w P bt e & o a e shemen e e e et ——————n U 4 o e o e o e e -

decteases the VCIOCIty of the airstream as weii as reaucmg the total

enthalpy of the mixture. The decrease in velocity raises the ratio of

AT A O b 0~ <

static temperature to total temperature and under some conditions this

*
=
g
2
=
BN
i
k]
&
§
o3
i
b,
3

process outweighs the total-temperature decrease. The practical con-

sequence is that injection rates must exceed a certain critical value

DR

beiore any cooling is accomplished.

4.4 Effect on Vehicle Aerodynaniics

The use of a side jet to create a "window" will create a moment,
upsetting the vehicle triri. In order to get an order of magnitude esti-
mate for trim angle witk the side jet, a Trailblazer-type vehicle with the
characteristics shown in Figure 4.11 will be considered. The flight
conditions wii be assumed constant as follows:

U

18,000 ft/ sec
o

T
[

233°K

Ui/Uw = 0.67

P1/Pm= 0.52

The coolant will be aken as helium and has a m/ Py Ul A (CQ ) of 0,13

as shown in Figure 410 for an equilibrium gas.
For a jet venetration into the shock layer, the axial force nermal
to the surface of the missile, Nj’ has been assumed to be twice the exit

jet momentum or,

N, = zﬁ’nnj (4.19)

M AR R AT o,

but
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N; = 0.26 plUlAZMj a {4. 20}
‘r62
The area Az is the area that the jet cools and will be taken as T
: where § is the plasma thickness, From Figure 4.11 we find that
A,=0,001 96t2. Also from Figure 4.11] note that the trim angle of
attack is given by:
127.6 Nj
XPrim c 2 (4.21)
N qecl
a
Substituting eguation (4. 20} and the above value of Az into {4. 21)
we fied
_ 0.13 pl/pt Ul/chmjaj ‘
Cprim = {4. 22)
rim C.. R .
N U
a o«

It now remains to find the jet Mach number, M.. In orderto

cool the plasmi layer of thickness, 8, it will be nécesi,ar;ifhat‘tixé?“ -
jet penetrate a distance of §/2. For a typical jet the-maximum jet _
~pénetration was given in Reference 13 as *
= ) 4.23 :
Ym/dj 2.2 MJ ] (4 L 3]
We have said that we want y_= 6/2. The jet exit aigmet_er7dj may be
found from the mass flow of coolant required. ‘ i
m =cpyMya; Az = PpMyAs] ¥ .
\F;T; -
But from section 4. 2, - e
P. = 1.8q = 0.9p,U,° : B =
g = %= BT - S
therefore ; B .- ;;_j:’ s %
™, = 0.9p, UM A, TV y S e
i 16 My, , i S -
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c U, A, =0. 2 :
Q, P1 Y4 90, U)" MyA; (Y /R;T;
and
0. 3
A /A ) 9U1MJ \.'J
2/ A5 < T, (4. 24)
2 J°J }
where
2
_ &
A% T3
and
d.Z
A, =qn3
J 4
therefore:

and
Y]
v« 1 NEiT; -
T 2 5Ch (#.25
2
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The trim angle of attack may now be found by substituting in equation(4. 22)

(6.13) (6.52) (0.67) (2.16) {3330)
(.03) {(18,000)

Uprim ©
= 0,6°

g -
Trim

Such a value for the trim angle of attack is not considered a problem
of much concern. In fact should a symmetrical installation be used the trim

angle would be zero.
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Circular cross jet in a supersonic free stream.

50

MC 63-78-R1




- S . S Ry mmas
- ™ 7o = e e : z o T e
P T - EAS . LI

y/d

ovus

O = 0?
Xz0.6
@928
.n‘.

i 1

Figure 4, 2,

10 20 ' - 30
z/g

Jet centerline and boundaries.

MC 63-78-R1

po—re . R R R T R
S e e s e

P e DRI




S e e eem
v s e e,
Mpmpritpscon o el e e e e e e e i o e

10 ]
y/é —
-1
JET PARAMETERS: K20.8, M),z 3 ]
o 1 l L | !
o 10 20 30
x/d
Figure 4.3. Jet centerline for M°® = 3 — 4 and various angles
of injection.
52 MC 63-78-R1




s sap N F s 2 e T B A e b b e e B e A

. 185, W TG UGN
-

30

y/d

| T T i .
— ﬂ =
JET PARAMETURS: K=0.8, «f =90°
f 1 : ; | i
o 20 40 &0
s/d
Figure 4,4. Jet centerline for M° = 3 — 4 dnd various jet
mach numbers.

53 MC 63-78-R1

T4 et o s

!

EUS S N P

T 1 A

7

Ly maes W




"8JUEIOND STOLIRA
303 axnjesaduid] JO UOIOUN] B 8B FEIUIAIDNIIO Buioon ¢y pandi g

e W e T

g, Wi s e =

Vo ~FNNAVEIWAL
0004 onoY 0009 0oce 000§ 00002 000! 0
Y _ _ . T . _ °
- SIEVO DNINGONADITA 40 NOIOZY BN VNI
-4 000t
-{ 0002
FUNTEING TVNS MOLled
- ooot
7/
/
/
/ —{ 00O
WiV iza /.
vaivmy
- 0008
w — ocoe
/ Inrv 100 5 4
\ NILVM — 000L
/ /
\ / !
I A 11 i 1 | | 0008

ﬂm%;gmﬁ e

Ao

i

§,»W

B

.::x~::

MC 63-78-R1

€/ nig ~

SRS B ] . B e T I O e P

»

S e oo wen !



PO ST VRTIRR T TS T

-, N e 5 g g = s PRI URITE N AN LT 7P Ee N e T TR
»L«Mﬂ _Jr: ey ﬁmwm%&f 4 L ». WY S :/ﬂw. ._,.r " () w .
y B . L N , . ) ;
o g v o i { !
w. ) , ‘ : ) . L roos b
ISR . i Lot Vo . Vew us o ms A i e e ey
. | R . + . P, B TR NS a7 " . ed W
» Snmarocii DY WU TR TN, 8 (s ey e R s e TENE S SN ERE t bl 2001 i PRI -

"038 /37 000:'81 jo L31o012A wrBII}E 201 e |
; l03 aanjeradwal Jo uOIUNY ® s JudwaIthbal jue[00) ‘G y sandi g ;
m_

MC €3-78-R1

*00

[RPR R SS,

0’0

55

L]
d
-

- e GOt L1s Uy ~f WO
§d3 000'¥Is 'n

Sv'in'ds

1 -1 030
Mo QOP'SIz 'L

$d3 6C0'2i+'n

i 39

$dd 000'81 z%n

B R

§ M { 1 i | l i 83'0

e i e e - o v A ROTR




I DG e RO s W T dohs M e o aem N - e b IARET  T Tm . i o AR SR T

036 T 1 T Y I T T !

032}~
U,=12,000 FPS

7,225,160 °R

) ! 2 3 4 . 7 s »
]
T~ 0% R
Figure 4.7. Coolant requirement as a function of temperature
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Coolant requirement as a function of ‘temperature
for a free stream velocity of 24, 000 ft/sec:
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Figure 4.10. Comparison of coolant requirement for a
perfect and an equilibrium gas meoedel.
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5. USE OF A FLOW DIVERTER AND BASE COGLING
TO CREATE A WINDOW

5.1 Basic Principles

Re-entry vehicles are enveloped by a thin region of ionized gases
whichhinder commurication from the vehicle to monitoring stations onthe
ground. A methcd of alieviating this communication problem would be to
somehow eliminate this region of ionized flow locally over an antenna
surface, thus creating a window through which transmission is possible.
Locating a flow diverter justupstream of anantenna location is an attempt
to create such a window by diverting the flow of ionized gases away fr;m

the antenna surface.

At the base of the flow diverter a "dead air" region will exist which
‘will contain temperatures equivalent to those in a stagnation point, There-
fore a ccolant is injected into this region to keep temperatures here at a

-

tolerable level for communication.

The simplest flow di' erter to consider is.one which extends .out!f;'oni
the vehicle surface perpendicular to the strezva. All the oncoming flow
would be diverted laterally and a window would be créat’ed at its base (Figure
5.1A) Unfortunately, such a protruberance would be hard to protectagainst
aerodynamic heating and would include significant aerodynamic forces on the
vehicle. Generally, these considerations would eliminate the practical use of
this type of two dimensional diverter with the exception of lifting re-entry ve-

hicles with a "natural” flow diverter such as a dorsal fin,

A more versatile diverter must have a swept-hack leading edge and be
shaped more like a cone or pyramid (Figure 5.1B). Now, not all the flow is
diverted around the side and some flows aver the top for the antenna to lock
through. This kind of flow diverter will be useful only if the flow over the
top is much more transparent than the original flow. Of course, the use of a
diverter is only feasible in the first place if the region of high attenuation is

more or less concentrated in a finite layer near the surface.
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SR,




5.2 Diverter Effectiveness

For a communication gain to be realized with a flow diverter the

plasma sheath must be either

a. completely diverted from flowing over the antenna

at the base of the flow diverter,

b. geometrically thinned such that the plasma slab

thickness at the antenna location is significantly

= less than the initial plasma thickness.

gfg Since two dimensional flow diverters are only practical under
special circumstances, due to drag and heating penalties, we will concen-
% trate on the three dimensional flow diverter which thins the plasma sheath,.

Figure 5.2 shows the decrease in attenuation with decreasing plasma
thickness for an antenna located on the aft portion of the conical surface of
a Trailblazer II vehicle re-entering the atmosphere at18, 000 fps. A homo-
geneous finite thickness slab miodel of the plasma has been used for these

calculations, and the local flow has been assumed to be in equilibrium.

ﬁ As a means of geometrically thinning the plasma sheath, 2 types
5, of flow diverters have been studied

a. conical flow diverters

e : b. conical flow diverters of elliptic cross-section

The elliptic cones were analyzed since it was felt that the cross-flow

associated with this shape would contribute to the thinning of the plasma
sheath by diverting part of the hot ionized air to the sides of an antenna.
In the limit of very large elliptic ratios the flow over an elliptic cone flow

diverter is seen to act like a two dimensional flow diverter.

5.2.1 Conical Flow Diverter

Figure 5,3 is a schematic illustration of the flow past a
diverter which consists of half a circular cone. The flow approaching
the diverter is first compressed in flowing over the conical surface and

then re-expanded as it leaves the base. The flow over the antenna isthus
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analogous to that "n the near wake of a full cone. If we assume that the
pressure at the artenna station is roughly equal to that in the undisturbed
stream, we can calculate the thinning of the high-attenuation layer in the

plane of symmetry as a purely geometrical effect. If

61 is the original thickness the high attenuator layer
62 is its thickness over the antenna
R is tl.e radius of the base of the diverter

conservation of streamtube area requires that

I‘! 2
52- R+51 - R

This relationship is illustrated in Figure 5,4 by a plot of 62,/ 61 versus
R/ 6.
The resultin;; gain in signal strength is illustrated in Figure 5,5

which combines the results in Figure 5,2 and 5,4 to show the decreased

attenuation versus conical tiow diverter radius.

Bearing in mind the 3 db criteria assumed for adequate transmission
the reduction ir atteauation is obviously inadequate. Figure 5, 6 is merely
an extension of Figure 5, S to deterrnine just what flow diverter heights are
required to meet this criteria. Note that the flow divert:r heights required

are prohibitive,

5.2.2 Elliptic Cone Flow Diverter

An elliptic cone, as shown in Figure 5.7 experiences the
same geometrical thinning of the plasma sheath as the circular cone. As

before conservation of streamtube area requires that

+b z +b
- a . a
52/ 61 = 7.8;.) + 1 _(7.5;._)

b, a, major and minor axes of the ellipse,
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This relationshipis exactly the same as that shown plotted in Figure 5, 4 if

- ()

In order to make a comparison of the relative thinning effects of the
elliptic and circular base cone, we define an equivalent circular cone
as one whose base area is equal to that of the elliptic cone. This de-

termines an equivalent radius for the circular cone to be the following

equivalent ~ Jab

To determine the relative merit of the circular and elliptic cone in

R

thinning the high attenuation layer for the conditions shown below,

k4

1.414

£ B B

TE a+b §, = 21

f 200 Mc

1]
ot
wn

we have to refer to Figure 5.5 and note the attenuaticn for various
altitudes for R___ =1.414and R =22 - 5,
equivalent

The elliptic cone decreases the attenuation of a signal at ail altitudes

by approximately .5 db moze than the circular cone. Hardly significant

in comparison to the absolute value of the atte:uated signal.
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However hy mounting ar cllintic {low diverter with iiz majo

Q

axis perpendicular to the flow we can take advzntage of the cross-
flow whose directior is from the mzjor to the minor axis to divert
part of the plasma layer to the sides and thereby further thin the

plasma layer over an antenna.

Data taken from References 14,15,16 has been used to calcu-

late the shock shape about two e iiptic cones with axis ratios of 1,394
and 1, 788, The Mach number of the flow over these cones was taken i %
to be M = 3,088 and M = 5, 9409 for each ¢f the two elliptic cones.

Figure 5, 8 shows the elliptic cones used in the analysis and _
their shock envelopes, The equivaient circular cone as defined pre-
viously above is that circular cone whose cross-sectional base area -
is equal to that of the elliptic cone. The antenna looks out through a

window ~shose boundary is shown by the dotted lines.

As a mcans of comparing the effscts of how thick the shock

layers are for both the equivalent and elliptic cone flow diverters. the

e

ratio

Abellipse/ AR one ‘

has been plotted in Figure 5.9 versus elliptic axis ratio b/a for constant
Mach numbers. The mass flow contained in the shock layers for both

the conical and elliptic flow diverters are approximately equal, so. that
the cross-flow effect in diverting the flow to the sides of an antenna can
be determined from this figure. It is seen that for a Mach numnber 3.0
which corresponds to the local flow velocity at possible antenna locéﬁons
on the Traiiblazer II vehicle, the 2-dimensional effect of diverting flow to
the sides with elliptic cone flow diverters is sigr_icant. For a cone of '
elliptic axis ratio of 1.5 the plasma thickness is 3/4 that of the flow over -
the equivalent circular cone. Refe;rring to Figures 5,2 and 5.4 with "a"
assumed equal to 1.0 and the iaitial plasma thickress = 2" the decrease
in attenuation due to the cross-flow associated withk the elliptic cone iz
approximately 3 db greater than that derived by use of the equivalent cir-

cular cone. This is again a relatively low gain in comparigon to-the - '/

<65 - ) #MC $3-78-R1

.

S d

N
\
et s

#



%
“

padt, et

absolute magnitude of the signal loss, However it does point out the
effect of cross-flow on thinning the plasma sheath in comparison to

solely getmetrical thinning.

5.3 Cooling the Near Wake

Even for the above gains to be realized it is of course necessary
to maintain low electron concentrations in the separated tlow behind the
base ~f the diverter. This is accomplished by injecting a coolant, such
as helium, into the base flow so as to avoid recirculation of the hot external

flow.

The flow diverter scheme as a method of creating an antenna

(17)

is injected at least as fast as the mixing layer scavenges it from the

window is sketched in Figure 5,10. As Chapman points out, if gas
dead-zir region, no flow is recirculated at the base, and the temperature
in the dead-air region is equal to that of the injected gas. It dces not
matter whether the mixing layer is laminar, as considered in some detail
by Chapman, or turbulent; however, the rate of gas injection required to
avoid recirculation is much larger in the latter case. The theory pre-
sented here will concern itself with turbulent fiows, which will occur in
most cases of practical interest. In particular we consider rates of injec-
tion less than those required to avoid recirculation and calculate the varia-~

tion with injection rate of the temperature in the dead-air region.

Since very little information is available about the structure of
turbulent layers in high-speed flows, a simple analysis seems most
appropriate. We shall assume that the profiles of total enthaipy and
foreign gas concentration are linear functions of the velocity profile,

corresponding to Pr = Le =1.0

H = HS + (He - Hs ) u* (5.1}
C = Cs(l-—u*) (5. 2)
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H is the local stagnation enthalpy

Hs is the enthalpy of the separated region

He is the stagnation enthalpy of the free stream

C is the local foreign gas concentration

Cs is the foreign gas concentration in th~ separated
region

u¥ is the local velocity divided by that of the frze
stream,

We shall also assume the form of the eddy viscosity law sug-
gested by Ting and Libby(l 8}, which relates the compressible profiles

to the incompressible profile through the Howarth transformation:

Y =fp*dy {5.3)

At reattachment the flow in the mixing layer splits as sketched
in Figure 5.10. The dividing streamline ( y= 0) splits the flow such
that the mass flux flowing below it is equal to the totai rate of mass en-
trainment from the dead-air regioﬁ‘l 7). The reattachment streamline
{v = v;) splits the flow such that the mass flux flowing bélow it is reciz-
culated.

If b is the width of the flow (or the perimeter in the axisymrx{étric
case), the {following relation holds:

c
The mass rate of injection: m, = f pudy

the entrainment of foreign gas: ’oCs f pudy

yi
the recirculation of foreign gas: bf puCdy
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n terms of normalized variables, the balance of in-flow and out- fiow

of foreign gas may thus be written:

o o yi
Csf p ¥ u¥* dy =f pX* wk dy+Cs f p*uxCx=dy (5.4)
-00 yi -00

Using (5. 2) and (5. 3} this may be solved for

1 ,
) /
Ce = 137 3. 5)
where
yi 2 o
3 =f ux® dy f u* dy (5. 6)
o yi

For the case of zero heat transfer to the solid surface bounding
the separated region (which will yield a "recovery factor® with injection),

a similar balance may be writter for the flux of total enthalpy:

o o ] yi
Hsf p¥u¥xdy = H, j p *ku* dy+f p *uxHdy (5.7)
-00 1 Yi -~90

Using (5. 1), this reduces to:

H -4, I
s i ¥ (5. 8)
He-I'Ii J-rl

i - refers to injected coolant conditions.

For perfect gases witb constant specific heats, this may be expressed

in terms of temperature as:

T_ -T, J

BT 2 — (5. 9)

T, - T, J+C C )
t, i | Pe
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ine in the flow by (5. 6), which is a transformed expressicn to be evaluated
from the solution for incompressible flow. The same solution can be used
to evaluate, ¢, the ratio of the injection rate to the total entrainment rate

of the mixing layer:

o) (9]
= d d 5. 10
$ Ll u s/j; u* dy (5. 10)

The relation between ¢ and J is given in Figure 5.11 with the assumption

made here that it is universal to all turbulent mixing layers.

Hill and Nicholson(lg) have measured turbulent entrainment rates
over a very wide range of conditions and have developed the following

formula for the entrainment coefficient cq:

p_u . oso ReTe '|0.4 Te 0. 67 51
c T e - ‘rr_ —— [ ]
1 pe ue s s Tte -

J

In this expression the gas constant »atio, R’a / Re’ in the separated region
may be evaluated in terms of the molecular weight ratio, me/ m,, and the

mixing ratio Cs H

r m : ‘ _
R /R, = 1. +C_ l = - 1. ‘ (5.12)

1

This coefficient ¢_ has been normalized with respect to the base area of
the flow diverter (Reference 20) such that proper comparison can be made

with the coolant injection jet-penetration coefficient. It-was found that;
o

C = -——-———-—--—-—1 = 6c¢
Qz PiujA? q

To determine the coolant mass flux Cqfor varying temperatures iu the
mixing layer greater than the injected coolant temperature,equation 5,9

is solved for the parameter J which from figure 5,11 defines the ratio
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!

e S UPPres I
£ ¥




&
b

“ b

PO §
A S TR QPRI

«f injection rate to the total entrainment rate of the mixing layer.
Solution of equation 5.11 defines the total entrainment of the mixing
layer. Thus curves showing the effect of mass injection as a function

of separated region temperature can be drawn.

Figure 5.12 shows CQ plotted versus local flow diverter velocity

or body station for various separated region temperatures.

The temperature in the mixing layer in general varies mono-
tonically from 'I‘s, the temperature in the separated region, to Te’
the temperature in the free stream outside the region of influence of
the flow diverter. However iocr some combinations of Ts and the local
flow velocity Ue, at the flow diverter station, the mixing layer temperature
varies nonmonctonically from its two boundary cornditions, and in this case
a peak temperature can exist which is higher than the free stream tempera-
ture Te‘ When these conditions, shown circled in Figure 5.12, occur,
there is obviously no gain in cooling the local flow by means of a flow

diverter. This effectively sets a limit on flow diverter location.
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6. COMPARATIVE EVALUATION QF THE TWO WINDOWS

s o oy aos ey

The work reported in the previous sections has been concerned
with two methods of modifying and cooling the flow field in the vicimty

of an antenna installation on a re-entry vehicle.

b Gt o

X In one method nozzles flush with the vehicle surface are used to
project jets of coolant into the flow. As it is carried downstream, the
coolant cools the airstream by mixing with it. In the othker method a
physical flow diverter is used to displace the highly ionized flow lateraily
around the antenna aperture, A region of separated {low is formed over

this aperture behind th= base of the flow diverter. Coolant is injected to

URIPFSEENEIPRpY Y SREepuSI S AREBEY

maintain low temperature both in this region and in the shear layer which

bounds it.

e i ¥

The injection of a coolant with a flush mounted nozzle appears to

be by far the most attractive and practical method for the following reasons:

! 1. The jet method can reduce the plasina temperature to
levels at which transmission is pogsible {attenuation

less than 3 db) with modest rnass flows (see Figure 4. 10}.

The flow diverter method aithough reducing the attenuation will not
reduce the attenuation to the 3 db level as was demonstrated in Figures
5.5 and 5. 6. A

2. The jet method allows the cooling cf a plasma sheath
located away from the body surface whereas the flow
diverter is limited to relatively thin plasma sheath

near the body surface.

3. The jet method allows all equipment to be located in-
ternally while the flcw diverter is an exterral pro-
tuberance which must be protected aga.nst aero-~

dynamic heating and loads.
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